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The purpose of this study is to determine the effect of temperature on inducing an
alkaline-tolerance response in L. monocytogenes (Lm) serotypes 1/2a and 4b. When Lm
cells were pre-exposed to a sublethal alkali pH of 9.0 at different temperatures, two main
patterns were observed: (1) Alkali-stress adaptation was readily induced in Lm when cells
were pre-exposed to a sublethal alkali pH of 9.0 for 5-15 min at 37°C or 22°C; and (2)
Alkali-stress adaptation was not induced in Lm when cells were pre-exposed to a
sublethal alkali pH of 9.0 for 1 h at 4°C. However, exposure of Lm to 4°C for 24 h
enhanced its survival against lethal alkaline challenge (pH 11.5). Also, alkali-stress
adaptation if occurred at 37°C or 22°C was highly stable at 4ºC even in the absence of
mild alkaline stress which should be taken into account while conducting risk analysis for
this pathogen.
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CHAPTER I
INTRODUCTION

L. monocytogenes is a Gram positive, non- spore forming, facultative anaerobe,
intracellular opportunistic pathogen that is ubiquitous in nature. This foodborne pathogen
is frequently associated with ready-to-eat food products and is the primary cause of
listeriosis (Weis and Seeliger, 1975, Low and Donachie, 1997). It has been known to
infect both humans and animals and its infection can be transmitted to the fetus in
pregnant women (Low and Donachie, 1997, Salamina et al., 1996). This pathogen grows
optimally at 30-37ºC but also has the distinct characteristic that it is able to grow at a
slower rate at refrigeration temperature (4ºC) (Junttila et al., 1988).
In food processing environments, L. monocytogenes cells are exposed to different
sublethal and lethal stress conditions. The virulence and pathogenicity of L.
monocytogenes is extensively influenced by the environment in which they thrive in.
Recent studies have revealed that cells which undergo metabolic modifications in
response to environmental stress tend to have altered virulence (Roche et al., 2005). A 10
min exposure to 0.3 mol l (-1) NaCl increases its invasive efficiency.
However, 20 min of exposure to 54ºC reduces invasive capacity (Walecka et al., 2011,
Walecka-Zacharska et al., 2013). Also, some stress conditions lead to increased
transcription of the genes responsible for bacterial invasiveness and also hamper the
swimming motility of the pathogen (Ondrusch and Kreft, 2011).
1

Exposing L. monocytogenes cells to sub lethal levels of stress induces adaptation
against lethal stress and enhances their resistance to either the same or different
environmental stressors (Lou and Yousef, 1997b). Previous studies have revealed that L.
monocytogenes can adapt to alkali (pH 12), acid (pH 3.5), salt (20%) and heat stress
(60ºC) (Skandamis et al., 2012, Faleiro et al., 2003, Tiganitas et al., 2009). These stress
hardened L. monocytogenes cells are also capable of exhibiting cross resistance to
multiple stresses. Cells pretreated with sublethal concentrations of either acid and heat or
salt and heat survived significantly better against lethal doses of these same stresses
(Davis et al., 1994). Morphologically, cold pre-treated cells that were exposed to lethal
acid and osmotic stress exhibit an increase in the cell proportion and the length of
filaments (Vail et al., 2012).
Alkali-stress is an important means of eradicating undesirable pathogens. Alkali
cleaning agents are widely used as part of a sanitation program. During this course of
action, there is the possibility that L. monocytogenes will come in contact with sublethal
residues from alkaline detergents which may increase their resistance to lethal alkaline
conditions. L. monocytogenes is capable of adapting to sub lethal alkaline stress (pH 9.6)
by inducing an alkaline tolerance response that makes it more capable at surviving in a
highly alkaline environment (pH 12.0) (Giotis et al., 2008a). Research performed on the
generation time of alkali shocked L. monocytogenes has revealed that these cells are
capable of rapid acclimatization to alkaline stress (Cheroutre-Vialette et al., 1998). The
induction of an alkaline tolerance response has a prolonged effect on the cell size, shape
and composition of membrane constituents. The alkali shocked cells appear to be longer
with an increased volume of 50% (Giotis et al., 2007a). Their cell membrane appears to
2

exhibit increased proportions of branched chain fatty acids which tends to increase the
membrane fluidity of the cell (Giotis et al., 2007b). Under alkaline stress, L.
monocytogenes is also capable of retaining its original morphology without any leakage
of its intracellular constituents (Mendonca et al., 1994).
Along with exposure to other stresses, L. monocytogenes is exposed to
temperature fluctuations in the food processing environment. Cells pretreated with
cleaners show significant differences in the D56ºC values after exposure to lethal heat
treatments (Taormina and Beuchat, 2002). In addition, L. monocytogenes that is exposed
to sub lethal heat stress exhibits increased tolerance to lethal acid stress (pH 3.5)
(Skandamis et al., 2009). Low temperature is utilized in the food industry for the
processing of food and subsequent storage of the food products under refrigeration. Even
though small inoculums of L. monocytogenes may be present on the food or any surface
of the food processing plant, its ability to grow at low temperature (4ºC) makes it a
potential food safety threat. Hence, it is necessary to study the effect of low temperature
on the induction of stress adaptation in L. monocytogenes. Previous study on the effect of
cold on alkaline stressed L. monocytogenes has revealed that these cells can survive at pH
9, 10 or 11 for up to 6 days at 4ºC (Taormina and Beuchat, 2001). However, studies have
not explained the effect of temperature on the induction of alkali-stress adaptation in L.
monocytogenes. Our study focuses on the effect of three temperatures (4ºC, 22ºC and
37ºC) on the alkaline-tolerance response in two serotypes of L. monocytogenes and its
stability after removal of the sub lethal alkaline-stress.
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CHAPTER II
LITERATURE REVIEW

2.1

Listeria monocytogenes as a foodborne pathogen
Listeria monocytogenes is a Gram positive, non-spore forming, facultative

anaerobe that is an intracellular opportunistic pathogen. It is ubiquitous in nature and is
commonly found in environments such as soil, water, air, human feces and food products
(Weis and Seeliger, 1975). It is a saprophytic foodborne pathogen mainly associated with
ready-to-eat meals. The optimum temperature required for its growth is 30-37ºC but it
also contains cellular components that allow it to grow at refrigeration temperatures (47ºC) (Junttila et al., 1988). The ability of L. monocytogenes to grow in cold environment
is distinct from other foodborne pathogens such as E. coli O157:H7, Salmonella or
Campylobacter as these pathogens only survive but cannot show active multiplication
below a temperature of 4ºC (Gray and Killinger, 1966). L. monocytogenes is the primary
cause of listeriosis, which is an invasive disease capable of infecting both humans and
animals. It is transmitted primarily by this pathogen through contaminated food (Low and
Donachie, 1997). This infection is also transmitted by several other means such as mother
to fetus infection, infection at birth, infant to infant and animal to human (Rocourt, 1996).
L. monocytogenes belongs to the genus Listeria which also comprises other
Listeria species such as L. denitrificans, L. grayi, L. murrayi, L. innocua, L. ivanovii, L.
welshimeri and L. seeligeri. Notably, apart from L. monocytogenes and L. ivanovii
4

(infects ruminants), none of the other Listeria species are considered to be virulent
(Norton and Batt, 1999). L. monocytogenes comprises of 4 evolutionary lineages namely
I, II, III and IV that exhibit distinct ecologic, genetic and phenotypic characteristics. The
maximum numbers of human clinical cases are observed with serotypes from lineages I
and II. The commonly found serotypes of lineage I are 1/2b and 4b which are mainly
related to human listeriosis. Lineage II is most commonly isolated from foods (serotype
1/2a) and are known to exhibit a high recombination rate that assists them at adaptation to
a wide array of environments (Orsi et al., 2011). Lineage III (4a and 4c) is mainly
associated with food-production animals and is sub grouped into three classes (IIIA, IIIB
and IIIC) (Roberts et al., 2006). Lineage IV (4a and 4c) is among the rarest of the four L.
monocytogenes lineages with very few isolates being analyzed. They are mainly isolated
from ruminants (Ward et al., 2008). In a study that evaluated L. monocytogenes
prevalence in beef processing plants in China, L. monocytogenes serotypes 1/2c (65.6%)
and 1/2a (26.4%) were predominantly isolated from the 439 samples that were taken (Zhu
et al., 2012). Another processing plant in the United States that processes cull cows and
bulls exhibited a diverse prevalence of L. monocytogenes serotypes. Serotype 1/2a was
mainly isolated from the hides (primary source of contamination) whereas serotypes 1/2a,
1/2b and 4c were associated with the carcasses (Guerini et al., 2007).
Listeriosis has many clinical manifestations in both humans and animals.
Pregnant women are known to be 13 times more susceptible to listeriosis than the general
public. About 1 in 6 cases (17%) involve either pregnant women or their fetuses (CDC).
L. monocytogenes is capable of invading the three main protective barriers of the human
body namely the gastrointestinal, blood-brain and placental barriers that led to a wide
5

variety of symptoms ranging from minor aches to death (Farber et al, 2003). The most
common symptoms related to this disease are abortion, neonatal death and septicemia.
Among humans, listeriosis is predominantly known to affect the central nervous system.
This infection leads to meningitis in adults that are suffering from listeriosis (Nieman and
Lorber, 1980). In another study, 9 individuals suffering from this disease were evaluated,
5 were diagnosed with sepsis (positive blood culture) and the other 4 were diagnosed
with meningitis (positive CSF). All the 9 adults were immunocompromised, i.e., each of
them was suffering from at least one disease or had undergone some kind of
immunosuppressive or corticosteroid therapy (Yildiz et al., 2007). A serious outbreak of
listeriosis was reported by the CDC (Center for Disease Control and Prevention) was in
2002 and was associated with contaminated turkey deli meat. It spanned across 9 states
and led to 54 illnesses, 8 deaths and 3 fetal deaths. In addition to this, pregnant women
diagnosed with listeriosis were examined for various symptoms. Of the 191 cases
examined, 65% had fever, 32% showed flu-like symptoms and 29% were asymptomatic
(Mylonakis et al., 2002). Listeriosis also leads to lesions in the liver, spleen and adrenal
glands with the most deadly symptoms being systemic infection (Rossi et al., 2008).
The major virulence factor in L. monocytogenes is the presence of the hemolysin
listeriolysin O (Farber and Peterkin, 1991). In addition, two phospholipases and a protein
named ActA are vital for its intracellular motility (Ireton and Cossart, 1997). Two
internalin proteins, internalin A (InlA) and internalin B (InlB) facilitate the entry of
Listeria into the host cell (Poulsen and Czuprynski, 2013). Once these cells come in
contact with the host cell, they are released out of the phagosome into the cytoplasm. In
the cytoplasm, these Listeria cells begin to multiply with a generation time of
6

approximately 1 h (Fernandez et al., 1997). With the aid of the protein ActA, the growing
Listeria cells begin to move towards the periphery of the infected host cell. The
movement of the cells is driven by the formation of actin filaments which helps the cell to
move to the neighboring host cells that are not yet infected. This in turn leads to the
formation of a double membrane around the Listeria cells (Finlay and Cossart, 1997). In
spite of the strong barrier, these cells are capable of dissolving the double membrane with
the help of two bacterial phospholipases (phosphatidylinositol-specific phospholipase C
and broad-range phospholipase C) and entering into the host cytoplasm where the process
of proliferation and intracellular spreading continues (Moors et al., 1999).
The virulence and pathogenicity of L. monocytogenes is primarily influenced by
the environment in which they thrive. The cells are challenged by different forms of
stress such as acid, salt, temperature, disinfectants and certain antimicrobial agents. Cells
that undergo metabolic modifications in response to stress tend to have altered virulence
(Roche et al., 2005). For instance, in a study carried out to demonstrate the effect of salt
stress on the invasiveness of L. monocytogenes, these cells exhibited the highest invasive
efficiency after 10 min exposure to 0.3 mol l (-1) NaCl (Walecka-Zacharska et al., 2013).
However, the effect of heat on the invasiveness of L. monocytogenes was contradictory to
the above observation. On exposure of these cells at 54ºC for 20 min, a decrease in the
invasiveness of L. monocytogenes was observed (Walecka et al., 2011). In addition,
exposure of L. monocytogenes to blue light led to an increase in the transcription of genes
responsible for bacterial invasiveness. It also hampered the swimming motility of this
pathogen (Ondrusch and Kreft, 2011). Thus, the virulence of L. monocytogenes is stress-
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dependent and the prevalence of these cells in environmental stressors alters its
effectiveness at infecting the host cell.
2.2

Outbreaks of L. monocytogenes in foods
L. monocytogenes outbreaks are extensively known to be associated with ready-

to-eat meals. Most cases of listeriosis are also known to be associated with the
consumption of deli meats from poultry origin such as chicken and turkey (Hoffmann et
al., 2012). Over the past few years, the incidence of listeriosis has increased due to a
changing life style that promotes the consumption of ready-to-eat (RTE) foods.
(Uyttendaele et al., 2009). About 2.7 to 20% foodborne cases of contamination in RTE
foods have been caused by L. monocytogenes (Awaisheh, 2010). In a study carried out by
Community Zoonoses, most of the samples showing positive for L. monocytogenes were
mainly isolated from RTE meals containing either meat or fish and certain processed
foods stored at refrigeration temperatures (Huss et al, 2000). A special study on L.
monocytogenes outbreaks was conducted by the Foodborne Diseases Outbreak
Surveillance System of the Center for Disease Control and Prevention during the years of
1998-2008. This survey confirmed the occurrence of twenty four listeriosis outbreaks
over this period. Overall, these outbreaks resulted in 359 illnesses, 215 hospitalizations
and 38 deaths. The major causative agent of these infections was L. monocytogenes
serotype 4b and was mainly isolated from ready-to-eat meals (Cartwright et al., 2013).
The occurrence of human illnesses associated with the consumption of raw and cooked
fruits and vegetables has also increased drastically. Minimally processed products that are
frequently contaminated include salads, lettuce, juice, melon, sprouts and berries. For
instance, a serious outbreak of listeriosis was reported in September 2011 which was
8

found to be associated with cantaloupes. It led to 146 severe illnesses, 30 deaths and 1
miscarriage (CDC, 2011).
Due to the threats and economic consequences of such outbreaks, listeriosis is
considered to have a greater impact than other food borne related diseases. The mode of
production, distribution and storage of foods is highly attributed to the quality of the final
food product (de Valk et al., 2005). This foodborne pathogen is capable of contaminating
ready-to-eat foods, fruits and vegetables at any stage prior to the consumption of foods
including the foods that are either pre-packaged or packaged at the store and is mainly
due to inappropriate cleaning and sanitation practices (Lianou and Sofos, 2007). L.
monocytogenes has also been isolated from working areas in a food processing plants
such as drains (15.4%) and gloves/aprons (5.1%) (Thimothe et al., 2002).
A survey on the prevalence of L. monocytogenes in RTE meals in Southern Italy
supermarkets was carried out. This foodborne pathogen was detected in pastries (10%),
salami (20.5%), cream cheese (1.9%), mayonnaise-based deli salads (27%), and smoked
salmon (34%) (Di Pinto et al., 2010). In addition, the contamination level of different
Listeria species in RTE meat products was tested and from a total of 240 meat samples,
41 samples (23 beef and 18 poultry) were positive for L. monocytogenes, 56 samples (29
beef and 27 poultry) were positive for L. innocua and 36 samples (17 beef and 19
poultry) were positive for L. welshimeri (Awaisheh, 2010). A similar study carried out on
the street food served in Egypt showed that from the 576 samples examined, L.
monocytogenes was isolated from 57% and L. innocua was isolated from 39% of the
contaminated samples (El-Shenawy et al., 2011). In another listeriosis outbreak
associated with the consumption of raw vegetables, 20 people were hospitalized after
9

consuming contaminated chicken salad, tuna and cheese containing raw tomatoes, celery
and lettuce (Ho et al., 1986). A serious listeriosis outbreak was witnessed after the
consumption of coleslaw, containing contaminated cabbage. This outbreak led to 7 adult
and 34 prenatal cases of listeriosis, 5 abortions and 4 stillbirths (Schlech et al., 1983).
Several multistate outbreaks of L. monocytogenes have also been reported. In a
multistate outbreak of listeriosis affecting 10 states, 20 people were infected due to the
consumption of contaminated hot dogs (CDC, 1998). In another multistate outbreak of
listeriosis affecting 9 states, an uncommon strain of L. monocytogenes was found to be
responsible for a serious outbreak that led to 54 persons with listeriosis, of which 8 of
them died, including 3 pregnant women. The source of this contamination was traced to
two different plants, one from the environment of a turkey processing plants and the other
from turkey products processed from another plant. Following this incidence, a total of
more than 30 million pounds of turkey products was recalled by both processing plants
(Gottlieb et al., 2006).
L. monocytogenes outbreaks are also associated with the consumption of raw milk
or cheese made from unpasteurized milk. For instance, in a multinational outbreak of
listeriosis which spanned across Germany, Austria, Czech Republic, Poland and Slovakia
was caused due to the contamination of acid curd cheese by L. monocytogenes, thus
leading to 34 cases of illnesses and 8 deaths. This company (Prolactal) is known to
manufacture two types of acid curd cheese, namely, red smear ripened and white veined
(Schoder et al, 2012). Previously, tests conducted on European red smear cheese
confirmed the presence of L. monocytogenes in cheeses from different parts of Europe.
The frequency of L. monocytogenes detected in cheese was the highest in Italy (17.4%)
10

followed by Austria (10%), Germany (9.2%) and France (3.3%). In a similar case, a
widespread listeriosis outbreak was reported from L. monocytogenes contamination in
pasteurized cheese in Quebec, Canada. The source of this contamination was speculated
to be from two different plants. Since the products from both the plants were supplied to
over 300 retailers in the province, it led to a massive case of cross-contamination
affecting 38 people including 16 maternal cases (Gaulin et al., 2012). In 2001, a foodborne listeriosis outbreak associated with cheese was reported in Japan. L.
monocytogenes serotype 1/2b was detected from the cheese samples as well as from the
environment of the processing plant manufacturing this cheese. This outbreak affected 86
persons of which 38 people suffered from either gastroenteritis or a common cold, which
are known to be the general clinical symptoms of listeriosis (Makino et al., 2005).
Hospital acquired listeriosis have been repeatedly witnessed in the recent years.
This food pathogen was mainly isolated from contaminated sandwiches provided by
hospitals in UK (Little et al, 2012). A similar outbreak associated with hospital acquired
listeriosis was observed in Texas, USA in the year 2010, by contaminated diced celery.
This outbreak lasted for about 7 months and took place across five hospitals. After
conducting PFGE and PCR analysis on the food and environmental samples from the
hospitals, L. monocytogenes was detected in the chicken salad which contained the diced
celery as one of its ingredients. Of the ten immunocompromised patients infected by the
consumption of the contaminated salad, five of them died (Gaul et al., 2013). Based on
the number of outbreaks reported over the years it is essential to take food safety
precautions throughout the food supply chain. Fruits and vegetables are vital to maintain
a healthy diet and are consumed on a day-to-day basis. Hence, it is necessary to take
11

adequate care to maintain the quality of these foods by continuously improving
prevention strategies.
2.3

L. monocytogenes stress adaptation
Stress can be defined as any lethal physical, chemical or biological factor that

affects the growth and survival of microorganisms. Under lethal stress, microorganisms
can exhibit either complete carnage or inactivation of growth (Donnelly, 2002). However,
research shows that, exposing them to a sub lethal level of stress induces adaptation
against lethal stress and enhances their resistance against either the same or different
environmental stresses (Lou and Yousef, 1997b) (Hill, 2002).
The alkaline tolerance response of L. monocytogenes was demonstrated by Giotis
et al (2008) in which L. monocytogenes cells that were adapted at pH 9.5 showed ~ 3 logs
CFU/ ml better survival than the non-adapted cells exposed to lethal alkaline challenge at
pH 12. This in turn leads to the cells becoming more resistant not only to alkaline stress
but also to various other lethal stresses such as ethanol, osmotic and thermal stress (Kang
et al., 1988). In addition, L. monocytogenes that are pre-exposed to sub lethal acid (pH
5.5) is known to induce an acid tolerance response against lethal acid conditions (pH 3.5)
(Skandamis et al., 2012). Similarly, an osmotolerance response was initiated at 3.5%
NaCl concentration followed by lethal challenge at 20% NaCl. (Faleiro et al., 2003). L.
monocytogenes is also thermo tolerant to a lethal heat effect. Cells pre-exposed at 46ºC
exhibited 1.5 log CFU/ ml better survival than the control cells after 50 min treatment at
57ºC (Skandamis et al., 2008). Under starvation for 2 days, the initial cell concentration
of L. monocytogenes reduced from 8.5 logs CFU/ ml to 1.5 log CFU/ ml. However, on
exposure to radiation, these cells subjected to starvation showed an increase in the D12

value from 0.07 kGy to 0.15 kGy in 2 days. This implies that L. monocytogenes is also
capable of exhibiting cross protection against radiation, especially under starvation
conditions (Mendonca et al., 2004). These results indicate that L. monocytogenes can
adapt to lethal stress and are capable of surviving under adverse conditions.
The stress hardened L. monocytogenes cells are capable of showing cross
resistance against multiple stresses. For instance, L. monocytogenes shocked at a pH of
10 at 4ºC (2 or 6 days) and a pH of 12 at 37ºC (45 min) exhibited increased tolerance
against lethal heat effect at 56 and 59ºC, respectively (Taormina and Beuchat, 2001).
Panagiotis et al (2008) studied a 10- strain composite of L. monocytogenes to observe the
adaptive response of these cells to osmotic (10% NaCl), acid (pH 5.0) and heat (52ºC,
57ºC and 63ºC). The L. monocytogenes cells pretreated with a combination of either acid
and heat or salt and heat had 1-1.5 log CFU/ml better survival as compared to the control
cells. Also, these cells pretreated with any of the suboptimal stresses (low pH, heat or
NaCl) induced higher tolerance to lethal acid at pH 3.5. This indicates that different sub
lethal stresses may alter the tolerance level of L. monocytogenes in lethal environments
(Davis et al., 1994). In a recent study carried out on cold-adapted L. monocytogenes cells,
it was observed that these cells were capable of forming filaments when exposed to other
stresses (acid, osmotic and low temperature). The cells placed at 3ºC appear to be longer
in size as compared to the cells incubated at 15ºC and also 10% of these elongated cells
were about 6.4 to 8.5 times longer than the control cells. Furthermore, when these cells
were exposed to other stresses such as acid and osmotic stress, an increase in the cell
proportion and length of filaments was observed (Vail et al., 2012).
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The presence of glucose in the medium plays a critical role in the induction of
acid adaptation in L. monocytogenes. Culturing L. monocytogenes with 1% glucose
induces an acid tolerance response which increases its resistance against organic acids.
For instance, acid-adapted L. monocytogenes exposed to either lactic acid or acetic acid
without glucose exhibited >4 log reduction whereas the cells exposed to glucose showed
only 0.8-1.1 log CFU/ ml reduction in survival (Samelis et al., 2003). In addition to this,
the thermo tolerance of acid adapted cells differed depending upon the presence or
absence of glucose in the culture medium. In the absence of glucose, the acid adapted
cells were more heat resistant (D60 0.91 ± 0.09 min) at pH 4.8, however, in the presence
of 1% glucose, these cells showed the highest heat sensitivity (D60 0.41 ± 0.02 min) at a
pH of 4.8. (Bayles, 2004).
L. monocytogenes is also known to be persistent against widely used disinfectants
such as the quaternary ammonium compounds mainly alkyl-benzyl-dimethyl ammonium
chloride (QAC 1) and n-alkyldimethyl ethylbenzyl ammonium chloride (QAC 2), one
tertiary alkylamine, 1,3-propanediamine-N-(3-aminopropyl)N-dodecyl, sodium
hypochlorite and potassium persulphate. After sublethal pre-exposure to the above
mentioned disinfectants, L. monocytogenes was able to adapt to QAC 1, QAC 2 and
tertiary alkylamine. These disinfectants also play a crucial role in exhibiting cross
resistance towards other detergents, with the exception of potassium persulphate (Lunden
et al., 2003). The adaptation study of L. monocytogenes to four poultry decontaminants
(trisodium phosphate, acidified sodium chlorite, citric acid and peroxyacetic acid),
revealed that L. monocytogenes is capable of adapting to all four decontaminants and also
induced cross resistance against each other (Alonso-Hernando et al., 2009). The highest
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adaptation and cross resistance was observed when these cells were treated with acidified
sodium chlorite. L. monocytogenes cells exposed to acid decontaminates such as citric
acid and peroxyacetic acid showed higher survival against acid stress. In addition to this,
the cells also exhibited higher membrane rigidity on exposure to lethal concentrations of
acid decontaminants (0.05 and 1% ASC, 5% and 10% CA, and 0.1 and 0.25% PA)
(Alonso-Hernando et al., 2010). The use of disinfectants against L. monocytogenes such
as QAC also led to a 2- to 4- fold increase in the minimal inhibitory concentration (MIC)
(Kastbjerg and Gram, 2012). One treatment to control listeriosis involves the use of a
combination of gentamicin and ampicillin. Studies have revealed that L. monocytogenes
exposed to sublethal concentrations of triclosan exhibits increased resistance against
gentamicin (Christensen et al., 2011). Nisin tolerant L. monocytogenes resulted in an
altered cell wall structure and components and changes in membrane fatty acids (Crandall
and Montville, 1998). Also, L. monocytogenes treated with nisin exhibited cross
resistance against other bacteriocins such as pediocin and divergicin (Naghmouchi et al.,
2007). Acid tolerant L. monocytogenes tend to exhibit cross resistance against nisin for
up to 30 days (Bonnet and Montville, 2005).
The concept of cross resistance has been observed with other microorganisms as
well. For instance, a study carried out by Rajkovic et al (2009) suggests that exposure of
E. coli O157:H7 cells to mild concentrations of intense light pulses (ILP) led to increased
resistance in both cell types. Sharma et al (2005) demonstrated the thermal tolerance of
food pathogens such as Salmonella and E. coli O157:H7 in cantaloupe and watermelon
juice. These cells were initially acid-adapted and further suspended in the unpasteurized
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juices. The acid adapted cells of both pathogens exhibited increased thermo tolerance as
compared to the non-adapted cells (Sharma et al., 2005).
2.4

L. monocytogenes adaptation and resistance to alkali stress
In spite of the use of a wide range of alkaline treatments to eradicate L.

monocytogenes, the occurrence of this food pathogen is widely observed due to its ability
to become stress hardened under mild stress conditions. Studies of L. monocytogenes
adaptation to alkaline stress have not been as extensive as that compared to acid-stress.
L. monocytogenes is capable of growth and survival under alkaline environments. This
pathogen can grow in pH 9.6 and survive for up to 2 h at a pH of 12. (Giotis et al.,
2008a). Also, L. monocytogenes subjected to alkaline stress can survive at pHs of 9, 10 or
11 for up to 6 days at 4ºC (Taormina and Beuchat, 2001). One of the reasons for
persistence of L. monocytogenes on alkaline sanitized food surface area is their ability to
induce an alkaline tolerance response. L. monocytogenes is capable of stress hardening,
in which, after exposure to mild stress conditions, they develop a higher resistance to
lethal stress challenges (Lou et al, 1996). For example, in a study conducted by Giotis et
al (2008), L. monocytogenes cells adapted at pH 9.5 showed ~ 3 logs CFU/ ml better
survival than the non-adapted cells exposed to a lethal alkaline challenge at pH 12. This
concept has been studied for different L. monocytogenes strains (14, 19804 and CA)
belonging to the serotype 4b in which all the three strains rapidly adapted to an alkaline
pH of 9.0. This assay was carried out with the help of a turbidity method, in which the
generation time for L. monocytogenes 14 cells subjected to alkaline shock was 2.31
(NH4+). This was considerably close to the generation time of the control cells (2.12),
thus indicating that alkaline stress acclimation at pH 9.0 did not lead to growth
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impairment. In additional research, an increase in pH (pH 9.5, 10, 10.5 and 11) of the
growth medium, led to a subsequent increase in the lag phase. The five strains (a, b, c, d
and e, isolated from an industrial plant) used in this study all increased the lag phase. In
comparison with strains c, d and e, strains a and b exhibited inhibition in growth at pH
11. While L. monocytogenes induces an alkaline tolerance response at sub lethal pH 9.0,
an increase in pH leads to inhibition in the growth of these cells (Vasseur et al., 1999).
On the other hand, L. monocytogenes cells challenged in either acetic acid (pH 5.6) or
NaCl/ KCl exhibited a slower growth pattern with higher generation times of 16.11 and
5.69/ 3.77, respectively (Cheroutre-Vialette et al., 1998).
L. monocytogenes cells exposed to an alkaline environment (pH 9.0 to 9.7) exhibit
an increase in the number and size of the filamentous cell structures. The elongation of
these cells was measured in terms of the calculated mean of the cell dimensions. At a
neutral pH of 7.4, the length of the cell was 1.600 um, whereas 3 h exposure to pH 9.7
showed increased length of 2.434 um. The volume of the cells exposed to a pH of 9.7 was
more than 50% greater than that of the control cells exposed to neutral ph 7.4. Moreover,
the elongation size was also dependent on alkaline exposure time. As the time of
incubation increased to 6 h and 12 h, lesser elongation of the cells was observed (Giotis
et al., 2007a). Though the reasons behind how these changes in cell structure assist L.
monocytogenes surviving in alkaline environments are not well understood. In addition to
this, another study discussing the morphology of alkaline-stressed cells also suggests that
in comparison to other food pathogens such as S. enteritidis and E. coli, L.
monocytogenes is capable of retaining its original morphology even at extremely high
pH. At pH 12, S. enteritidis and E. coli cells showed wrinkled and disruptured cell
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membrane, which leads to leakage of the intracellular matter from the cells. In contrast to
this observation, L. monocytogenes cells exposed to pH 12 exhibited intact cells showing
no signs of leakage of intracellular matter (Mendoca et al, 1994).
Another characteristic of L. monocytogenes is the ability to survive under alkaline
conditions by altering the content and proportions of its membrane structure which
contains iso and anteiso branched chain fatty acids and unsaturated fatty acids (Giotis et
al., 2007b). At higher pH values, the proportion of branched chain fatty acids (BCFA)
was greater in the cell membrane. For instance, the cells exposed to pH 8.0 and 8.5 had
higher proportions of BCFA as compared to the cells exposed to pH 7.0. It has been
postulated that such alterations in the cell membrane tend to increase the membrane
fluidity, thus protecting the cells from alkali and detergent damage. Research has also
indicated that there are higher proportions of phospholipids in the cell membrane of
certain alkaliphiles that are capable of growing at a high alkaline pH of 10 (Kyouko et al,
1999).
The proper functioning of a cell and its bioenergetics is primarily controlled by
Na+ and H+ during stress conditions; the stressor is determined by the concentration of
these two ions present in the cell (Venturi et al., 2000). The homeostasis of alkaline pH
in bacteria is monitored by monovalent cation/ proton antiporters, also known as Na+/ H+
antiporters (Slonczewski et al., 1981). These are membrane proteins that allow the
exchange of Na+ or H+ ions across the membrane depending upon their concentration in
the outside environment (Speelmans et al., 1993). The Na+/ H+ antiporter are encoded by
two specific genes, namely nhaA and nhaB (Padan and Schuldiner, 1994) (Pinner et al.,
1992). The expression of the nhaA gene is primarily due to an increase in the Na+ or Li+
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concentrations and is irrespective of any change in the osmolarity or ionic strength of the
medium. To study the mechanism of this antiporter, a nhaA′–′lacZ protein fusion in E.
coli nhaA and nhaB null mutant strain was used which suggests that the increased intake
of Na+ led to increased expression of nhaA′–′lacZ. However, when the intake of Na+ was
reduced, a subsequent decrease was observed in the expression of the nhaA gene. This
implies that the induction of nhaA is signaled by the intake of Na+ ions and is expressed
at high alkaline pH (Karpel et al., 1991) (Dover et al., 1996). The alkaliphilic Bacillus
species, B. firmus OF4, is capable of surviving under extreme alkaline conditions with the
help of the Na+/H+ antiporter system which along with ATP synthase, enhances the
production of ATP. The nhaC gene encodes for F1-F0 ATP synthase activity (Krulwich
et al., 1998). In addition to this, an efficient membrane bound proton-transport system has
also been identified that aides in the resistance of extreme alkaline pH conditions in E.
faecalis (Nakajo et al., 2006). Another phenomenon called buffering capacity has been
observed in Bacillus cereus in which the cells utilize certain proteins that are present in
the cytoplasm which buffer and helps in neutralize the high pH surrounding the bacterial
cell (Booth 1985, Lindsay et al, 2001).
2.5

Gene expression in L. monocytogenes under general and alkaline stress
response
L. monocytogenes codes for five σ factors which include σA, σB, σC, σH and σ54 in

response to stress (Zhang et al., 2003). Of these, σB is major global stress response
regulator, encoded by the sigB gene (lmo0895) (O'Byrne and Karatzas, 2008). Two
important σB dependent genes, opuCA and clpC, are expressed by L. monocytogenes
under environmental stress conditions. The opuCA gene encodes for a
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glycine/betaine/carnitine/choline ABC transporter whereas the clpC gene encodes for a 3
endopeptidase Clp ATP binding chain which is a stress protein that monitors the
phagosomal escape of L. monocytogenes under stress conditions (Kim et al., 2004, Fraser
et al., 2003). Besides these genes, bsh (encodes for conjugates bile salt hydrolase) and
lmo1421 (encodes for compatible solute transporter proteins) are also known to be σBdependent. The expression of opuCA and lmo1421 is associated with osmotolerance in L.
monocytogenes (Chaturongakul and Boor, 2006). For instance, an increased expression of
opuCA and lmo1421 along with gadA transcript levels was observed in 0.3M salt stress,
thus, indicating that these genes help L. monocytogenes become osmotolerant
(Kazmierczak et al., 2006). Moreover, when exposed to 0.5 M KCl, there was seven-fold
and five-fold induction of lmo1421 after 10 and 15 min, respectively (Sue et al., 2003).
The expression of the hly gene which codes for the major virulence factor in L.
monocytogenes, listeriolysin O, is also σB-dependent (Chaturongakul and Boor, 2004).
The glutamate decarboxylase (GAD) system is expressed in L. monocytogenes in
response to acid stress. The genes that encode this resistance system (gadA, gadB, gadC,
gad and gadE) are also σB-dependent (Wemekamp-Kamphuis et al., 2004). Studies have
revealed that the σC and σ54 factors are responsible for the heat and osmotolerance
response in L. monocytogenes, respectively (Zhang et al., 2005, Okada et al., 2006). Also,
σH, which is encoded by the gene sigH is responsible for maintaining the pH of the cell
with respect to the environmental pH and is mainly expressed under acidic conditions
(Phan-Thanh and Mahouin, 1999).
An alkaline tolerance response induces several intracellular genes, responsible
for virulence, cell division, morphological changes in the cell wall and for general stress
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response (Giotis et al., 2010). For instance, an elevated level of sigB mRNA transcript
was observed in L. monocytogenes cells exposed to mild alkaline conditions (Giotis et al.,
2008a). When wild type and sigB mutant strains at ~10^7 log CFU/ml were directly
subjected to a lethal alkali pH of 12.0, the survival recovered after 2 h in the wild type
strain were ~3 log versus ~1 log in the sigB strain. However, wild type cells exposed to
mild alkaline treatment prior to lethal alkali challenge exhibited much higher survival rate
(~ 6 logs CFU/ml) as compared to the wild type control cells (~3 log CFU/ml). In
contrast to this, mild alkali stressed sigB mutant strain cells did not induce a noticeable
alkali stress response against lethal alkali as they resulted in only 2 log CFU/ml survival
after 2 h lethal challenge. This was still lower than the untreated control wild type cells
and only about ~1 log CFU/ml better than the non-adapted mutant cells (Giotis et al.,
2008a). In addition, a DNA microarray study revealed that alkaline adapted L.
monocytogenes (pH 9.0 for up to 60 min) led to the up regulation of 1502 ORFs. An ORF
(open reading frame) is part of a reading frame which helps identify the protein coding
region in a DNA sequence. In this study, 179 ORFs were recognized for transport and
binding proteins including the genes encoding for the Na+/H+ antiporter system. In
addition, genes encoding for energy metabolism proteins and DNA metabolism and
repair (uvrB, recA and tag) were also identified from this assay (Giotis et al., 2010). Four
putative DEAD-box RNA helicase genes (Δlmo0866, Δlmo1246, Δlmo1450, and
Δlmo1722) of L. monocytogenes EGD-e known to aid in cellular mechanism were
examined to determine their role under alkaline stress conditions. Of these four genes,
Δlmo0866 and Δlmo1450 enhanced the tolerance level of L. monocytogenes when
exposed to alkali stress (Markkula et al., 2012).
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Several genes coding for binding and transport proteins were either up-regulated
or down-regulated during alkaline adaptation in L. monocytogenes. These include the
upregulation of genes that encode for the transport of carbohydrates (lmo1389), amines
and peptides (lmo1074) and cations (LMOf2365_1877). Also, certain genes were
upregulated that enable L. monocytogenes to adapt to atypical conditions (lmo2673) and
include lmo2507 for cell division and lmo1398 for DNA replication and repair (Giotis et
al, 2008). Apart from these genes, common stress proteins such as dnaK, grpE and
lmo0292 were also induced under alkaline conditions. One of the important genes
required for stabilization and maintaining proper folding of proteins is clpE. This protein
was upregulated in response to alkaline stress. Clp belongs to a group of chaperon
proteins that have an ATPase activity that aids in the folding of denatured proteins (Giotis
et al., 2010).
Phosphate is an essential cell constituent, that is utilized to carry out the
phosphorylation and dephosphorylation of proteins within the cell. This helps in
maintaining the intracellular balance of pH and aids in the transport of solutes across the
cell membrane (Whittam and Wheeler, 1970). For instance, it has been observed that
alkali treatment affects the utilization of phosphate in L. monocytogenes cells (Giotis et
al., 2008a). Some genes responsible for the phosphorylation/ dephosphorylation of
proteins (alkaline phosphatase) and for the uptake of phosphate (phosphate ABC
transporters) are up- regulated during alkaline stress. Previous studies have suggested
that such alkaline treatments create similar conditions to that during phosphate starvation
which leads to over expression of genes that encode for alkaline phosphatase such as
lmo0187. The exact role of phosphate in combating alkaline stress has not been
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determined but it can be assumed that it contributes to adaptation at a higher pH (Giotis et
al., 2008a).
Some other microorganisms such as Bacillus subtilis are capable of tolerating
alkaline stress by the induction of genes belonging to the σW regulon present in this
bacterial species. Roughly 80 genes were down regulated with an increase in pH from 6.3
to 8.9 (Wiegert et al., 2001). When E. coli was challenged at a pH of 8.7, 93 genes were
induced in response to alkaline stress. These genes included tnaA (encodes for
tryptophanase), tnaC (encodes for tryptophanase leader peptide) and cpxP (encodes for
alkali- induced protease gene) (Maurer et al., 2005). An alkaline tolerance response
generated in E. coli at pH 9.0 induces certain regulatory components such as IHF
(integration host factor), CysB, PhoE, NhaA, TonB and Fur that manipulate the pH
responses (Rowbury, 1997). Trisodium phosphate (TSP) is a highly alkaline compound
that is used to control foodborne pathogens. When Campylobacter jejuni cells were
exposed to sublethal concentrations of TSP, genes encoding the ion transport system
(nhaA1 and nhaA2) were expressed that aid in maintaining the intracellular pH of the cell
(Riedel et al., 2012).
In conclusion, the analysis of alkali-stress adaptation mechanisms in L.
monocytogenes is still limited. Further investigation of the physiological roles at different
temperatures is needed to elucidate the mechanisms of L. monocytogenes adaptation to
alkaline-stress.
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CHAPTER III
INFLUENCE OF TEMPERATURE ON THE INDUCTION OF ALKALI-STRESS
ADAPTATION AND ITS STABILITY IN LISTERIA MONOCYTOGENES

3.1

Introduction
Listeria monocytogenes is an opportunistic food borne pathogen which is widely

distributed in nature (Weis and Seeliger, 1975). While its optimal temperature range for
growth is 30-37ºC, it is also capable of growing slowly at refrigeration temperature (47ºC) (Junttila et al., 1988). L. monocytogenes outbreaks are frequently associated with
ready-to-eat deli meats, dairy products (cheese) and raw fresh fruits and vegetables
(Hoffmann et al., 2012). This foodborne pathogen is the primary cause of listeriosis in
humans (Low and Donachie, 1997). Pregnant women, children and immunocompromised
persons are more susceptible to this infection which leads to abortion, neonatal deaths
and meningitis (Nieman and Lorber, 1980, Farber and Peterkin, 1991). One of the major
virulence factors in L. monocytogenes is listeriolysin O which is capable of invading the
host cell by dissolving its strong double membrane and entering the cytoplasm where it
can proliferate and spreads within the host cell (Farber and Peterkin, 1991, Ireton and
Cossart, 1997, Moors et al., 1999). However, the virulence of L. monocytogenes is highly
influenced by the environment in which it thrives in and the level of stress it is exposed to
(Ondrusch and Kreft, 2011, Walecka et al., 2011).
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L. monocytogenes possesses adaptive mechanisms to resist lethal acid, alkali,
heat, salt or oxidative stresses after exposure to sublethal concentrations of homogenous
stress (Lou and Yousef, 1997a, Bolton and Frank, 1999, O'Driscoll et al., 1996). As a
result of its ability to tolerate or adapt to harsh conditions, L. monocytogenes can form
niches for its survival and growth in a food processing environment. These niches may
provide the ideal environment for its long-term persistence by preventing cleaning and
disinfection. Despite the use of disinfectants for the elimination of L. monocytogenes, this
food borne pathogen is still capable of surviving as biofilms in the food processing
environment.
The ability of L. monocytogenes to adapt to alkali stress is important. This
pathogen is capable of growing at a pH of 9.6 and surviving up to a pH of 12 (Giotis et
al., 2008a). L. monocytogenes cells are capable of inducing an alkaline-tolerance
response when exposed to a sublethal alkaline pH of 9.5, which can enhance their
survival in lethal alkaline conditions (Giotis et al., 2008a). When L. monocytogenes was
subjected to pH 9.0 alkaline challenge exhibited a generation time of 2.31 compared to
generation time of 2.12 for the control cells, thus indicating that the cells were rapidly
acclimatized to alkaline stress. (Cheroutre-Vialette et al., 1998). Alkali shocked cells of
L. monocytogenes exhibited some alterations in cell size, shape and the composition of
membrane constituents. L. monocytogenes subjected to 3 h exposure at pH 9.7 led to an
increase in the length of the cell from 1.600 µm to 2.434 µm and a 50% increase in
volume (Giotis et al., 2007a). In comparison with other food borne pathogens such as S.
enteritidis and E. coli, L. monocytogenes is capable of retaining its original morphology
under high alkaline conditions. While the other two food pathogens showed disrupted cell
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structures, L. monocytogenes remained intact without any leakage of its intracellular
constituents (Mendonca et al., 2004). Alterations in the cell membrane constituents such
as increased proportions of branched chain fatty acids (BCFA) at a pH of 8.5 tend to
increase the membrane fluidity of L. monocytogenes, thus protecting cells them from
alkali and detergent damage (Giotis et al., 2007b).
Temperature has a significant role in the stress adaptation response of L.
monocytogenes. Research carried out to study the effect of temperature on the survival of
L. monocytogenes under alkaline stress has revealed that these cells can survive at pH 9,
10 or 11 for up to 6 days at 4ºC. In addition to this, the cells shocked at pH 10 at 4ºC (2
or 6 days) and pH 12 at 37ºC (45 min) exhibited increased tolerance against lethal heat
treatments of 56 and 59ºC, respectively (Taormina and Beuchat, 2001). L. monocytogenes
are known to survive for 30 min at 4ºC. Also, significant differences were observed in the
D56ºC values of L. monocytogenes pretreated with the cleaners prior to lethal heat
treatment at 56ºC (Taormina and Beuchat, 2002).
L. monocytogenes cells normally undergo temperature fluctuations in the food
processing environment. Low temperatures are common during food processing and in
subsequent storage of the food products under refrigeration. Because L. monocytogenes is
capable of growing at 4ºC, it is necessary to understand the role of stress adaptation at
low temperatures. The objective of this study was to demonstrate the effect of
temperature (37ºC, 22ºC and 4ºC) on the alkaline-stress response in L. monocytogenes
serotypes 1/2a and 4b. Different factors governing alkali-stress adaptation including: (a)
pre-exposure time in sublethal alkali, (b) sub lethal pH range of 8-10, (c) different alkali
agents, and (d) physiological state of L. monocytogenes cells were tested at different
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temperatures for the induction of alkali-stress adaptation in L. monocytogenes. Also, the
stability of alkali-stress adaptation was determined in L. monocytogenes serotypes 1/2a
and 4b at different temperatures.
3.2
3.2.1

Materials and Methods
Pre-exposure to sublethal alkali at 37ºC, 22ºC and 4ºC to induce alkalistress adaptation in L. monocytogenes.
The effect of temperature on the survival of alkali-stress adapted cells L.

monocytogenes strain Bug 600 (serotype 1/2a) was studied in which the cells were preexposed alkaline to a pH of 9 at either 4oC, 22oC or 37oC for 1 h prior to exposing of
these pre-adapted cells in lethal TSB-YE (pH 11.5) at the three above mentioned
temperatures. To reach temperature equilibration, two tubes, each having 9 ml of prealkaline adjusted TSB-YE broth and neutral TSB-YE broth were placed at 4oC, 22oC and
37oC incubators for approximately 3 h. The alkaline broth was adjusted to pH 9.0 by
adding the pre-determined quantity (96 µl) of 4M NaOH to 10 ml of TSB-YE. For
experimental purposes, this quantity was added into 9 ml of TSB-YE and 1 ml of the
early log phase (OD~ 0.15) culture was added. Likewise, 1 ml culture was added to pH
7.0 temperature equilibrated broth tubes for control cells. At the end of 1 h of incubation,
the pre-adapted and non-adapted samples that were incubated at 4oC were cold
centrifuged (13000 ɡ for 5 min) and the tubes were further maintained on ice to avoid
temperature abuse, whereas, the samples incubated at 22oC and 37oC were centrifuged at
22oC (13000 g for 5 min). The supernatant was discarded from all the samples and a
quick spin was carried out for 10 s to remove any residual liquid. Fresh TSB-YE broth
(pH 11.5), which was pre-adjusted to the individual post exposure temperatures of 4oC,
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22oC or 37oC was then added to the cell pellet. The tubes were further vortexed and 250
µl from each sample was further distributed into four eppendorf tubes, followed by
incubation at the respective post exposure temperatures for up to 8 h. Subsequently, serial
dilutions were carried out and plated on TSA-EF (TSA agar containing esculin and ferric
ammonium citrate) agar plates at 2 h, 4 h, 6 h and 8 h. For L. monocytogenes Scott A,
cells were pre-exposed to sublethal alkali pH at 4oC, 22ºC and 37oC followed by post
exposure of each of this cell type in lethal TSB-YE (pH 11.5) broth that was maintained
at 37oC. The samples were further incubated at 37oC for up to 8 h on TSA-EF plates with
subsequent plating at 1, 2, 3, 4, 6 and 8 h.
3.2.2

Pre-exposure time required in sublethal alkali pH to induce alkali-stress
adaptation in L. monocytogenes
This assay was performed to determine the time needed at sublethal alkali pH for

L. monocytogenes Bug600 and ScottA strains to induce alkali-stress adaptation as a
function of temperature. Based on preliminary experiments, time points of 1 h, 4 h and 24
h were chosen for 4ºC and 15 min, 30 min and 60 min were chosen for 22oC and 37oC to
evaluate the induction of the alkaline adaptation response. Briefly, 1 ml of early log phase
cell cultures were added to each of pH 9 and pH 7 TSB-YE broths that were preequilibrated for 4 h at 4ºC, 22oC and 37oC. These samples were vortexed and 1 ml sample
volumes from each of these tubes were immediately distributed in 3 to 5 eppendorf tubes
for incubation at the respective temperatures. At the end of every pre-exposure time
point, the sample was centrifuged. This was followed by discarding the supernatant and
re-suspending the cell pellets in lethal TSB-YE (pH 11.5) broth that was pre-adjusted to
22oC. The ScottA and Bug600 samples were incubated for 2 and 6 h, respectively. At the
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end of the respective time points, the samples were enumerated for survival on TSA-EF
plates.
3.2.3

Sublethal alkali pH required to induce alkali-stress adaptation in L
.monocytogenes
This assay was carried out to determine if alkali-stress adaptation is induced in the

L. monocytogenes Bug600 strain at 4°C with varying pre-exposure to sublethal alkali pHs
of 8.0, 8.5, 9.0, 9.5, and 10. Cells incubated in pH 7.0 were used as control cells. The
TSBYE broths were alkaline pre-adjusted by adding the individual pre-determined
quantities of 4M NaOH to 10 ml TSBYE and placing these tubes along with 10 ml of
neutral TSBYE at 4°C and 37°C for 3 h, respectively. For experimental purposes, the pH
was adjusted in 9 ml broth and 1 ml of early log phase cells were added to make up the
volume to 10 ml. This was followed by subjecting the tubes to 1 h incubation at 4°C and
37°C. At the end of 1 h incubation, 1 ml from each of the 6 tubes was transferred to 1.5
ml eppendorf tubes and centrifuged at 4°C (for cold incubated samples) or 22ºC (for
37°C incubated samples). The supernatant was discarded and 1 ml of lethal TSBYE (pH
11.5) that was pre-adjusted at 22ºC was added to the cell pellet. These tubes were further
vortexed and subjected to incubation at 22ºC for 6 h, at the end of which, the samples
were enumerated for survival on TSA-EF plates.
3.2.4

NaOH and KOH on alkali-stress adaptation in L. monocytogenes.
The alkaline-stress adaptation in L. monocytogenes Bug600 cells at 4°C and 37°C

was also tested using potassium hydroxide, along with the use of sodium hydroxide (as
control). The mild alkaline stressed cells and non stressed cells were prepared by adding
1 ml of early log phase cells to 9 ml of pre-alkaline adjusted (with KOH and NaOH)
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TSBYE broth (pH 9.0) and neutral TSBYE, respectively. Both the tubes were further
incubated at the respective temperatures for 1 h. At the end of 1 h incubation, 1 ml from
each of the samples was suspended in 1.5 ml eppendorf tubes and subjected to
centrifugation (cold centrifugation for 4oC incubated samples and room temperature
centrifugation for 37oC pre-adapted samples). This was followed by discarding the
supernatant and adding lethal TSBYE (pH 11.5) adjusted at 22°C to the cell pellet. The
samples were vortexed and incubated for 6 h at 22°C, after which the samples were
enumerated for survival on TSA-EF plates.
3.2.5

Growth phase of cells on alkali-stress adaptation in L. monocytogenes.
This study was conducted to determine the induction of alkaline adaptation at

various growth stages of 37°C grown L. monocytogenes Bug600 when pre-exposed to
sublethal alkali at 37°C or 4°C. The cells were studied at fixed O.D. measurements of
0.15 (early log phase), 0.50 (mid log phase), 0.80 and 0.90 (stationary phase). Once the
cells reach the respective growth stage, 1 ml (0.15), 400 ul (0.50) and 200 ul (0.80 and
0.90) of the cell suspension were distributed in two 1.5 ml eppendorf tubes. These
samples were further subjected to centrifugation. After discarding the supernatant, mild
alkaline treated cells were prepared by adding 1 ml of pre-alkaline adjusted TSBYE (pH
9.0) at 4°C and 37°C in one tube and the non- alkaline treated cells were prepared in the
other tube by adding 1 ml of fresh TSBYE (pH 7.0) also at 4°C and 37°C. The cell
suspensions were further incubated for 1 h at the respective temperatures. At the end of 1
h incubation, the cell suspensions were centrifuged at the respective temperatures and
challenged with lethal alkaline TSBYE (pH 11.5) pre-adjusted at 37°C. The cell
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suspensions were vortexed prior to incubation at 37°C for 4 h. Subsequently after 4 h
incubation, the samples were enumerated for survival on TSA-EF plates.
3.2.6

Stability of alkali-stress adaptation in L. monocytogenes.
This assay was carried out to determine the stability of alkaline adaptation in L.

monocytogenes Bug600 and ScottA at three different temperatures (4ºC, 22ºC and 37ºC).
For this, Bug600 and ScottA cells were initially alkaline adapted by adding 1 ml of earlylog phase cells to 9 ml of TSB-YE (pH 9.0) broth that was pre-adjusted at 37ºC, of which
1 ml volumes was immediately transferred to 6 eppendorf tubes and incubated for 1 h at
the same temperature. At the end of 1 h, the cells were subjected to centrifugation at 22oC
and the supernatant was discarded. Subsequently, fresh TSB-YE (pH 7.0) pre-adjusted at
4ºC, 22oC and 37ºC was added to the cell pellet and subjected to further incubation at the
three different temperature treatments. During this incubation period, the cells were
challenged with lethal alkaline (pH 11.5) treatment at periodic time intervals of 30 min, 1
h and 2 h at 37ºC, 1 h, 2 h and 4 h at 22ºC and 1 h, 4 h and 24 h at 4ºC. To initiate the
lethal challenge, the cell suspensions were centrifuged and lethal TSBYE was preadjusted at a pH of 11.5 at 37ºC and added to the cell pellets. The samples were vortexed
and further incubated at 37ºC for 2 h and 4 h, in case of ScottA and Bug600, respectively.
At the end of the incubation time, the samples were enumerated for counts on TSAEF
plates.
3.2.7

Statistical analysis
All assays were performed using a completely randomized design. Each assay

was independently repeated three times and data is presented as the average (± SE) of
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three independent experiments. Colony forming units (CFU) measurements for L.
monocytogenes survival were converted to log CFU/ ml using an excel spreadsheet. For
separation of means between the control and treatment, the Student’s t-test was
performed. In stability assay, ANOVA test with Tukey’s Honest Significant Difference
test (P < 0.05) was performed with SPSS (version 19).
3.3
3.3.1

Results
Influence of temperature on alkaline-stress adaptation in L. monocytogenes.
When L. monocytogenes cells were pre-exposed to a sublethal alkali pH of 9.0 for

1 h at different temperatures, two patterns were observed: (1) Alkali-stress adaptation
was readily induced in L. monocytogenes Bug600 when cells were pre-exposed to
sublethal alkali pH of 9.0 at 37°C or 22°C; and (2) Alkali-stress adaptation was not
induced in L. monocytogenes Bug600 when cells were pre-exposed to sublethal alkali pH
9.0 at 4°C. These patterns are further explained below.
When L. monocytogenes Bug600 cells were pre-exposed to a pH of 9.0 at 37°C
for 1 h, followed by post exposure to pH 11.5 at 37°C for 4 h, they survived better than
that of the control non-stress adapted cells by ~ 5 logs CFU/ml (Fig. 3.1A). Likewise, the
mild alkali stressed cells that were pre-exposed at 22°C exhibited higher survival than the
control cells by ~ 6 logs CFU/ ml when challenged with lethal alkali stress at 37°C (Fig.
3.1B). In contrast to this pattern at 37ºC or 22ºC, no alkali-stress adaptation occurred in
L. monocytogenes Bug600 cells at the 4°C pre-exposure temperature. Both the 4°C preexposed mild alkaline stressed and non-stressed cells showed 1-2 logs CFU/ml survival
after challenge in lethal alkali condition at 37°C (Fig. 3.1C). Similar patterns were
observed if the post-lethal alkali challenge was performed at 22°C or 4°C (Fig. 3.2 and
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3.3). The 37°C or 22°C mild alkaline stressed cells showed ~ 5 logs CFU/ml higher
survival than the non stressed cells at a pH of 11.5 (Fig 3.2A, 3.2B, 3.3A and 3.3B).
Alkali-stress adaptation did not occur in 4°C pre-exposed cells since both the alkaline
stressed and non-stressed cells showed similar survival in lethal alkali pH 11.5 at both
22°C and 4°C (Fig 3.2C and 3.3C).
The findings of L. monocytogenes strain Bug600 (serotype 1/2a) were similar to
the results of Scott A (serotype 4b). This study was carried out at pre-exposure
temperatures of 37°C, 22ºC and 4°C followed by post exposure to lethal alkaline stress at
37°C. Appreciable alkaline-stress adaptation was observed in Scott A when cells were
pre-exposed to pH 9.0 TSB-YE at 22ºC or 37°C. Under these conditions, the mild
alkaline stressed cells showed about 3 to 4 log CFU/ml higher survival when compared to
the non-stressed cells (Figure 3.4A and 3.4B). No adaptation was observed in the mild
alkaline stressed Scott A cells that were pre-exposed to the mild alkaline treatment (pH
9.0 for 1 h) at 4°C, followed by exposure to 37°C in lethal TSB-YE (pH 11.5) for 8 h.
Both the alkaline stressed and non-stressed cells showed similar survival curves in pH
11.5 TSB-YE (Fig. 3.4C).
These two patterns of alkali-stress adaptation at different temperatures were also
reflected on the calculation of the protection area and D-value (Table 1 and 2).
Protection areas calculated at 37°C or 22°C pre-exposure treatments was (P < 0.05)
greater than zero which indicates a pronounced alkali-stress adaptation. In contrast, the
protection areas calculated at 4°C were close to zero which indicates that no alkali-stress
adaptation occurred. Based on D-value calculations, 37°C or 22°C alkali-stressed cells
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showed higher values than non-stressed control cells whereas no difference was observed
between the D-values of 4°C mild alkaline stressed and non-stressed control cells.
3.3.2

Time needed in sublethal alkali pH for alkali-stress adaptation in L.
monocytogenes.
This study was carried out to determine the minimum time required at alkaline pH

9.0 for L. monocytogenes Bug600 cells to induce alkali-stress adaptation at different preexposure temperatures of 37°C, 22°C and 4°C. Only 5 min of mild alkaline treatment (pH
9.0) at either 37°C or 22°C was sufficient to induce alkaline adaptation in L.
monocytogenes Bug600 cells. For example, the mild alkaline stressed cells that were preexposed at 37°C or 22°C showed ~ 6 logs CFU/ ml survival as compared to non-stressed
controls cells which survived by 1-2 log CFU/ml from the initial 7 log CFU/ml after 6 h
in lethal alkali-stress at 22°C (Fig. 3.5A and 3.5B). This indicates that alkali-stress
adaptation was readily induced in L. monocytogenes Bug600 cells by 5 min of preexposure to mild alkali pH 9.0 at either 37°C or 22°C. By contrast, after 4°C exposure for
1 h, both non-exposed controls and mild alkali exposed cells declined to ~3 logs CFU/ml
with lethal alkali treatment indicating that alkali-stress adaptation did not occur at this
temperature. No appreciable difference in survival between non-exposed controls and
mild alkali-exposed cells was observed even when pre-exposure to a pH of 9.0 was
prolonged at 4ºC for up to 24 h (Fig. 3.5C).
Similar to the pattern observed for L. monocytogenes Bug600, alkaline adaptation
was also induced in L. monocytogenes ScottA cells after 5 min of pre-exposure to pH 9.0
TSB-YE at 37°C and 22°C (Fig. 3.6A and 3.6B). The mild alkaline stressed cells that
were pre-exposed for 15 min at either 37°C or 22°C, that were subjected to lethal alkaline
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conditions at 22°C, had ~3 log CFU/ml greater survival than the non-stressed cells (Fig.
3.6A and 3.6B). No significant difference in survival was observed between the 5, 15, 30
and 60 min mild alkali pre-exposed cells at either 37oC or 22°C (Fig. 3.6A and 3.6B). In
contrast to this, 24 h pre-exposure of L. monocytogenes Scott A under mild alkaline
condition (pH 9.0) at 4°C was not sufficient to induce an alkali-stress adaptation.
In addition to the above two adaptation patterns, another interesting phenomenon
was also observed. As the duration that L. monocytogenes cells were exposed to coldstress increased, cells that were never pre-exposed to sublethal alkali-stress also exhibited
increased their tolerance to alkaline conditions. For example, when L. monocytogenes
Bug600 cells were exposed to cold stress for 1 h at 4ºC, approximately 3 logs CFU/ml
survived from the initial 7 log CFU/ml inoculums after exposure to a pH of 11.5.
Similarly, when L. monocytogenes exposed to cold stress (4ºC) for 24 h, about ~ 5.5 logs
CFU/ml survived from the initial 7 log CFU/ml inoculum after exposure to a pH of 11.5
(Fig. 3.5C). L. monocytogenes Scott A cells also exhibited increased alkali-tolerance with
increase in exposure to cold stress. After 24 h pre-exposure at 4°C, cells that were never
pre-exposed to sublethal alkaline pH (9.0) showed as great as ~6 log CFU/ml survival
after lethal alkali treatment. When the cold stress period was shortened to 1 h or 4 h, there
was ~3 log CFU/ml survival of L. monocytogenes cells after post exposure to TSBYE
with a pH of 11.5 (Fig. 3.6C). These findings indicate that the prolonged cold incubation
may contribute to an alkali-tolerance response in L. monocytogenes.
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3.3.3

Effect of sublethal alkaline pH range 8-10 on alkali-stress adaptation in L.
monocytogenes.
L. monocytogenes cells that were pre-exposed to sublethal alkali at 37°C

exhibited a gradual increase in their resistance to a lethal alkaline treatment as the
sublethal alkali treatment pH increased from 8.0 to 10. For instance, in comparison to the
cells pre-exposed in neutral (pH 7.0) TSBYE exhibiting ~2.5 logs CFU/ ml survival, the
cells pre-exposed at pH 8.0 and 8.5 exhibited ~ 3.8 and 4.8 logs CFU/ml , respectively
when subjected to a pH of 11.5. When L. monocytogenes cells were pre-exposed to pHs
of 9.0, 9.5 or 10 for, approximately 7 log CFU/ml of initial population survived alkali
treatment at pH 11.5 (Fig. 3.7A). No alkali-stress adaptation was observed in cells preexposed to the sublethal alkali pH ranging from 8 to 10 at 4°C. The cells pre-exposed at
the different pH values did not exhibit survival greater than 3 logs CFU/ml which was
similar to the survival of the non stressed cells (~2.8 logs CFU/ml) (Fig.3.7B). This
indicates that alkaline adaptation is induced in L. monocytogenes exposed at 37°C
whereas no adaptation takes place in cells exposed at 4°C, irrespective of the pre-exposed
alkaline pH at which the cells stressed.
3.3.4

Effect of NaOH or KOH on alkali-stress adaptation in L. monocytogenes.
Pre-exposure to either NaOH or KOH readily induced alkali-stress adaptation in

L. monocytogenes Bug600 cells at 37ºC but not 4ºC. L. monocytogenes Bug600 cells
exposed to a sublethal pH of 9.0 for 1 h in either NaOH or KOH at 37°C exhibited ~4
logs CFU/ml greater survival than the control non-stressed cells after exposure to an
alkaline pH of 11.5 (Fig. 3.8A). However, no significant difference was observed
between the mild alkaline stressed cells (either from NaOH or KOH) and the non-stressed
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cells at 4°C when exposed to lethal alkali stress (Fig. 3.8B). Another interesting
observation to be noted is that the survival of L. monocytogens in KOH (pH 11.5) is
comparatively slightly higher than the cells that were inactivated in NaOH (pH 11.5). For
instance, non stressed cells exhibited about 1 to 2 logs CFU/ml better survival in pH 11.5
KOH than that of cells challenged in NaOH. Overall, this result implies that the use of
KOH is also capable of inducing alkaline adaptation in L. monocytogenes at 37°C while
no adaptation takes place at 4°C.
3.3.5

Effect of physiological state of cells on alkaline-stress adaptation in L.
monocytogenes.
In all of the previous assays, the alkaline-stress adaptation in L. monocytogenes

was studied by growing these cells to the early log phase (OD600nm 0.15) and then
subjecting them to mild alkaline stress (or non-stress) at 37°C and 4°C followed by lethal
alkali stress. However, this assay was designed to study the alkali-stress adaptation at
other physiological states of L. monocytogenes cells. Along with early log phase cells,
mid log phase (OD600nm 0.50), early stationary phase (OD600nm 0.80) and stationary phase
(OD600nm 0.90) cells, all induced alkali-stress adaptation at 37°C. Regardless of the
growth stage, the mild alkaline stressed cells showed ~ 3 to 4 logs CFU/ ml better
survival than the non stressed cells when challenged at a lethal alkaline pH of 11.5 (Fig.
3.9A). Contrary to this observation, no adaptation was observed in L. monocytogenes
pre-exposed for 1 h at 4°C. Both, the mild alkaline stressed and non stressed cells
exhibited ~ 3 to 4 logs CFU/ ml survival in pH 11.5 TSB-YE (Fig. 3.9B). This implies
that irrespective of the growth phase, alkaline adaptation can be induced in L.
monocytogenes pre-exposed cells at 37°C but not at 4°C.
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3.3.6

Effect of temperature on stability of alkali-stress adaptation in L.
monocytogenes.
When L. monocytogenes Bug600 cells were first pre-exposed to sublethal alkali

pH 9.0 for 1 h at 37°C and then transferred to a neutral TSB-YE (pH 7.0), they exhibited
a gradual decrease in alkaline-tolerance within 2 to 4 h at 37°C and 22°C (Fig. 3.10 and
3.11). For example, the control cells which were never pre-exposed to a sublethal
alkaline pH of 9.0 exhibited about 2 log CFU/ml survival from the initial 7 log CFU/ml
after after exposed to a pH of 11.5 for 4 h. After pre-exposure to a sublethal pH of 9.0 for
1 h, L. monocytogenes cells exhibited ~ 6 logs CFU/ml survival from the initial 7 log
CFU/ml. As the time of exposure for the mild alkaline stressed cells increased to the
neutral TSBYE (30, 60 and 120 min at 37°C and 1, 2 and 4 h at 22°C), there was a
gradual decrease in survival to ~ 4 log CFU/ml within 2-4 h, after being inactivated in pH
11.5 at 22°C (Fig. 3.10A and 3.10B). In contrast to this observation, alkaline stress
adaptation was well maintained when the alkaline adapted cells prepared first at 37ºC
were kept in neutral TSB-YE at 4°C. After 1, 4 and 24 h exposure at 4°C, adapted L.
monocytogenes Bug600 cells showed 5.5, 6.9 and 6.5 log CFU/ ml survival, respectively
after exposure to TSB-YE (pH 11.5) for 4 h (Fig. 3.10C).
Likewise, there was a gradual decrease in alkaline-tolerance response in mild
alkaline stressed Scott A cells when they were transferred to neutral TSB-YE within 2 h
at 37°C or within 4 h at 22°C. In comparison to the control cells which were never preexposed to sublethal alkali-stress (~ 2 log CFU/ml survival), the mild alkaline stressed
cells had a survival of ~ 6 log CFU/ml when immediately subjected to the lethal alkali
treatment (Fig. 3.11). When the exposure time in neutral TSB-YE was increased, the
survival of L. monocytogenes cells decreased at both temperatures; there was ~ 3.5 log
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CFU/ml survival after 30 min exposure in neutral pH or ~ 3.0 log CFU/ml survival after
60 and 120 min exposure in neutral pH at 37°C or ~ 3.0 log CFU/ml survival after 1 h
exposure in neutral pH or ~ 2.5 log CFU/ml survival after 2 and 4 h exposure in neutral
pH at 22°C (Fig. 3.11A and 3.11B). Conversely, Scott A cells pre-exposed to sublethal
alkali at 37ºC and then transferred to neutral TSBYE at 4°C exhibited a comparatively
higher survival of ~ 4 log CFU/ml after 24 h when subjected to a lethal alkali treatment
(Fig. 3.11C). This suggests that alkaline stress adaptation in L. monocytogenes Bug600
and ScottA could be easily reversed when alkali-stress adapted cells were kept in neutral
TSB-YE at 22°C and 37°C within 2 to 4 h but it was well maintained at 4°C for up to 24
h.
3.4

Discussion
Persistence of Listeria monocytogenes is a serious concern in the food processing

environments due to its ability to survive in acid, alkali, heat and other stress conditions.
In this study, the concept of alkaline-stress adaptation was studied in L. monocytogenes
serotypes 1/2a and 4b cells at different temperatures. Our data demonstrated that alkalistress adaptation in L. monocytogenes took place when cells were pre-exposed to a mild
alkaline environment (pH 9.0 TSB-YE) at 37ºC or 22ºC (Fig. 1-4). Similarly, induction
of alkali-stress adaptation in L. monocytogenes at 30ºC has also been reported (Giotis et
al., 2008a, Giotis et al., 2008b). In addition to this, our results showed that 5 min preexposure in to TSB-YE at 37ºC and at a pH of 9.0 was sufficient to induce an adaptation
to alkali-stress (Fig. 5-6). Another study revealed that the exposure of L. monocytogenes
to pH 9.0 for 15 min at 30ºC leads to the up regulation of the Na+/H+ antiporter which is
responsible for maintaining the intracellular pH of the cell (Nyanga-Koumou et al., Giotis
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et al.). Previous studies have been conducted on alkali-stress that exposed L.
moocytogenes at pHs of 9.0 or 9.5 at 37ºC (Giotis et al., 2008a, Giotis et al., 2008b,
Giotis et al.). Our study shows that a pH of 10 in TSB-YE was still able to confer L.
monocytogenes with appreciable alkali-stress adaptation (Fig. 7A). Furthermore, we
found out that alkaline stress adaptation at 37ºC was not growth phase dependent (Fig.
9A). This is different from acid-stress adaptation in which log phase and stationary phase
cells show distinct patterns (Datta and Benjamin, 1997, Davis et al., 1996, O'Driscoll et
al., 1996).
However, alkaline stress adaptation in L. monocytogenes did not occur when cells
were pre-exposed to pH 9.0 TSB-YE at 4ºC (Fig. 1-4). This finding was further
confirmed by the following conditions: (a) extending pre-exposure time (Fig. 5C-6C); (b)
varying pre-exposure pH (Fig. 7); (c) changing the alkaline reagents (Fig. 8); and by (d)
different cell physiological states (Fig. 9). No alkaline stress adaptation in L.
monocytogenes occurred under those pre-exposure conditions. So far, no other studies
have been performed to investigate the effect of temperature on the induction of alkalistress adaptation in L. monocytogenes. Additional studies focusing on other stress
adaptations under different temperatures may provide an additional explanation on why
alkaline stress adaptation is not induced at 4ºC. Two articles reported that cold grown
stationary L. monocytogenes cells showed reduced acid resistance when compared to
cells that were grown at 30ºC and 37ºC grown cells. In stationary phase of L.
monocytogenes, the media pH drops to pH 5.5-6.0 due to glucose metabolism which
simulates the conditions for pre-exposure (Davis et al., 1996). Hence, lack of acid stress
adaptation could result in reduced acid tolerance in cold grown L. monocytogenes cells.
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Also, another study indicated that two critical acid resistance systems (arginine deiminase
and glutamate decarboxylase) were not activated when L. monocytogenes cells exposed
to organic acids at 7ºC (Stasiewicz et al., 2011). Therefore, while summarizing the
research on acid-stress adaptation, it is possible that the lack of alkali-stress adaptation
could be attributed to insufficient synthesis of proteins that are involved in the alkalistress response.
It is noteworthy that the inactivation effect of lethal alkali-stress against L.
monocytogenes is also temperature dependent. Survival of L. monocytogenes in pH 11.5
TSB-YE was higher at 22ºC or 4ºC when compared to survival at 37ºC (Fig. 1-3). One
study reported that L. monocytogenes can survive in pH 11 at lower temperatures (4ºC or
21ºC) for at least 6 days (Taormina and Beuchat, 2001). Similarly, the inactivation effect
of other lethal stress and antimicrobials also increased as the incubation temperature
increased. Another study revealed that lactic acid was more effective at controlling L.
monocytogenes as the solution temperature increased (Byelashov et al.). In addition,
lauric arginate and carvacrol were more efficient at eliminating Salmonella spp. at higher
(4ºC versus 22ºC or 45ºC) inactivation temperatures (Oladunjoye et al.). The enhanced
inactivation effect of lethal alkali stress at pH 12 may be due to the accelerated entry of
OH- group into the cell cytoplasm or increased rate of biochemical reactions between
biomolecules and the OH- group. In our study, it was also noticed that the alkali-stress
adaptation was not affected by a change in temperature during lethal alkaline inactivation
(Fig. 1-3). Therefore, in subsequent experiments (Fig. 4-9) only one post-lethal
inactivation temperature was required out of 4ºC, 22ºC and 37ºC.
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An interesting phenomenon was observed in which cold incubation of L.
monocytogenes cells at 4ºC for 24 h that were never exposed to sublethal alkali also
became resistant to the subsequent lethal alkaline inactivation treatment (Fig 5C and 6C).
Though little information is available on the relationship between cold and alkali stress of
L. monocytogenes, some stress response proteins synthesized during 4ºC incubation
should contribute to its alkaline resistance. Two proteins GroEL and DnaK were both
induced when L. monocytogenes were exposed to pH 9.5 mild alkaline stress or 4ºC cold
stress (Cacace et al., 2010, Giotis et al., 2008b). It is possible that increased alkali
resistance in L. monocytogenes after 4ºC incubation partially resulted from the expression
of these two proteins. In addition, compared to 37ºC grown cells, 4ºC grown cells had
greater expression of transporters which could potentially increase the export of OHfrom the cytoplasm (Cacace et al., 2010). Therefore, under cold conditions, L.
monocytogenes cells are able to express enhanced alkaline resistance without the need for
pre-exposure to a sub lethal alkali pH.
In the stability assay, our results demonstrated that in the absence of mild alkaline
stress, alkaline stress adaptation in L. monocytogenes was stable at 4ºC, but not at 37ºC or
22ºC. Our data indicated that if alkali-stress adapted L. monocytogenes cells were
incubated at 37ºC or 22ºC, alkaline-stress adaptation was almost reversed after 2 h or 4 h,
respectively, in neutral TSB-YE. This observation was supported by an earlier surface
morphological study with L. monocytogenes cells. It revealed that single filamentous or
elongated chain forms of L. monocytogenes that resulted from exposure to pH 9.0 was
rapidly returned to normal morphology within 3 h incubation in neutral condition (Giotis
et al., 2007a). The major explanation for this change is that under neutral conditions,
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active growth takes place in L. monocytogenes during which cells turndown those
activated stress response genes during cell division. On the contrary at 4ºC within 24 h,
since there was no cell growth occurring in L. monocytogenes, it holds the alkali-stress
adapted cells intact. In addition to this, we observed the enhanced alkali resistance after
cold incubation at 4ºC after 24 h (Fig. 5C and 6C). Since cold itself can induce further
alkali-stress adaptation, it is concluded that alkali-stress adaptation acquired at 37ºC by
exposure to sublethal alkali-stress was expressed for at least the first 4 h at 4ºC. Longer
cold stress during 24 h triggered enhanced alkali resistance in L. monocytogenes without
exposure to sublethal alkali pH under these conditions.
In conclusion, our study demonstrated that alkaline stress adaptation in L.
monocytogenes occurs when cells were pre-exposed to pH 9.0 at 37ºC or 22ºC. No
alkaline stress adaptation took place in the presence of pH 9.0 at 4ºC. This finding was
confirmed by extending pre-exposure time, varying pre-exposure pH, changing alkaline
reagents and different bacterial physiological states. Under all these pre-exposure
conditions, alkaline stress adaptation was not induced at 4ºC. However, any alkali-stress
if induced in L. monocytogenes at 37ºC or 22ºC was stable at 4ºC. In summary, these
finding suggests that cold temperature during food processing and storage may assist the
L. monocytogenes cells in maintaining alkali-stress hardened phenotypes. Future studies
will evaluate the cross-resistance of alkali-stress adapted cells to various disinfectants and
GRAS antimicrobials at different temperatures.
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Figure 3.1

The effect of temperature on the induction of alkaline adaptation in L.
monocytogenes 1/2a (37°C).

Survival of L. monocytogenes serotype 1/2a (Bug 600) in lethal alkaline pH 11.5/37°C
after pre-exposure to sublethal alkaline pH 9 for 1 h (■) compared to cells pre-exposed to
pH 7 for 1 h (□) at three temperatures: (A) 37°C; (B) 22°C; and (C) 4°C.
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Figure 3.2

The effect of temperature on the induction of alkaline adaptation in L.
monocytogenes 1/2a (22°C)

Survival of L. monocytogenes serotype 1/2a (Bug 600) in lethal alkaline pH 11.5/22°C
after pre-exposure to sublethal alkaline pH 9 for 1 h (■) compared to cells pre-exposed to
pH 7 for 1 h (□) at three temperatures: (A) 37°C; (B) 22°C; and (C) 4°C.
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Figure 3.3

The effect of temperature on the induction of alkaline adaptation in L.
monocytogenes 1/2a (4°C)

Survival of L. monocytogenes serotype 1/2a (Bug 600) in lethal alkaline pH 11.5/4°C
after pre-exposure to sublethal alkaline pH 9 for 1 h (■) compared to cells pre-exposed to
pH 7 for 1 h (□) at three temperatures: (A) 37°C; (B) 22°C; and (C) 4°C.
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Table 3.1

Protection area and D values of alkaline-stressed and non-stressed L.
monocytogenes Bug600 at 4ºC, 22ºC and 37ºC.
DpH 11.5 Value

Pre-exposure
Temperature

4°C

22°C

37°C

Post-exposure
Temperature

Protection Area of
Alkaline Adaptation

4°C

Control

Treatment

-1.93 ± 2.0

0.79 ± 0.01

0.82 ± 0.09

22°C

-1.95 ± 2.66

0.8 ± 0.04

0.88 ± 0.06

37°C

2.15 ± 3.14

0.59 ± 0.06

0.62 ± 0.05

4°C

20.59 ± 1.84*

0.50 ± 0.06

1.97 ± 0.04*

22°C

17.57 ± 5.73*

0.82 ± 0.10

7.55 ± 0.82*

37°C

33.11 ± 0.44*

0.56 ± 0.02

6.10 ± 0.86*

4°C

21.25 ± 2.25*

0.69 ± 0.007

3.87 ± 2.44*

22°C

21.46 ± 1.27*

0.71 ± 0.04

15.87 ± 9.57*

37°C

30.76 ± 2.49*

0.41 ± 0.15

4.75 ± 1.54*

Note: (a) Protection area values followed with asterisk mark were significantly higher
than zero based on Student t-test (P < 0.05). (b) DpH 11.5 values followed with asterisk
mark indicated significant mean separation between survival of treatment and control
based on Student t-test (P < 0.05).
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Figure 3.4

The effect of temperature on the induction of alkaline adaptation in L.
monocytogenes 4b (37°C)

Survival of L. monocytogenes serotype 4b (Scott A) in lethal alkaline pH 11.5/37°C after
pre-exposure to sublethal alkaline pH 9 for 1 h (■) compared to cells pre-exposed to pH 7
for 1 h (□) at three temperatures: (A) 37°C; (B) 22°C; and (C) 4°C.
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Table 3.2

Protection area and D values of alkaline-stressed and non-stressed L.
monocytogenes ScottA at 4ºC, 22ºC and 37ºC.
D Value
Pre-exposure
Temperature

Post-exposure
Temperature

4ºC

22°C

37ºC

37°C

Protection Area of
Alkaline Adaptation
Control

Treatment

0.63 ± 0.38

0.27

0.27

28.70 ± 0.08*

0.90 ± 0.02

1.43 ± 0.09*

23.42 ± 1.63*

0.47 ± 0.07

1.05 ± 0.02*

Note: (a) Protection area values followed with asterisk mark were significantly higher
than zero based on Student t-test (P < 0.05). (b) DpH 11.5 values followed with asterisk
mark indicated significant mean separation between survival of treatment and control
based on Student t-test (P < 0.05).
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Figure 3.5

The induction of alkaline adaptation in L. monocytogenes 1/2a depending
upon the pre-exposure time and temperature

Survival of L. monocytogenes serotype 1/2a (Bug 600) in lethal alkaline pH 11.5 for 4 h
at 22°C after pre-exposure to sublethal alkaline pH 9 for different periods (■) compared
to cells pre-exposed to pH 7 (□) at three temperatures: (A) 37°C; (B) 22°C; and (C) 4°C.
Note: Bars marked with asterisk indicate significant differences (P < 0.05) between pH
9.0 (■) and pH 7.0 (□) pre-exposed cells.
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Figure 3.6

The induction of alkaline adaptation in L. monocytogenes 4b depending
upon the pre-exposure time and temperature

Survival of L. monocytogenes serotype 4b (Scott A) in lethal alkaline pH 11.5 for 4 h at
22°C after pre-exposure to sublethal alkaline pH 9 for different periods (■) compared to
cells pre-exposed to pH 7 (□) at three temperatures: (A) 37°C; (B) 22°C; and (C) 4°C.
Note: Bars marked with asterisk indicate significant differences (P < 0.05) between pH
9.0 (■) and pH 7.0 (□) pre-exposed cells.
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Figure 3.7

Effect of different pre-exposure pH on the induction of alklain adaptation
in L. monocytogenes serotype 1/2a

Survival of L. monocytogenes serotype 1/2a (Bug 600) in lethal alkaline pH 11.5 for 4 h
at 22°C after pre-exposure to sublethal alkaline pH 8 to 10 for 1 h (■) compared to cells
pre-exposed to pH 7 for 1 h (□) at two temperatures: (A) 37°C; and (B) 4°C. Note: Bars
marked with asterisk indicate significant differences (P < 0.05) between mild alkalinestressed (■) and non-stressed (□) pre-exposed cells.

52

Figure 3.8

Effect of NaOH and KOH on the induction of L. monocytogenes 1/2a

Survival of L. monocytogenes serotype 1/2a (Bug 600) in lethal alkaline pH 11.5 for 4 h
at 22°C after pre-exposure to sublethal NaOH or KOH at pH 9 for 1 h (■) compared to
cells pre-exposed to pH 7 for 1 h (□) at two temperatures: (A) 37°C; and (B) 4°C. Note:
Bars marked with asterisk indicate significant differences (P < 0.05) between pH 9.0 (■)
and pH 7.0 (□) pre-exposed cells.
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Figure 3.9

Induction of alkaline adaptation under different physiological states of L.
monocytogenes 1/2a

Survival of L. monocytogenes serotype 1/2a (Bug 600) in lethal alkaline pH 11.5 for 4 h
at 37°C after pre-exposure to sublethal alkaline pH 9 for 1 h (■) compared to cells preexposed to pH 7 for 1 h (□) at two temperatures: (A) 37°C; and (B) 4°C in four
physiological states: Log phase cells (LPC), Mid-log phase cells (MLPC), Earlystationary phase (ESPC) and Stationary phase (SPC) cells, all prepared at 37°C. Note:
Bars marked with asterisk indicate significant differences (P < 0.05) between pH 9.0 (■)
and pH 7.0 (□) pre-exposed cells.
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Figure 3.10

Stability of alkaline adaptation in L. monocytogenes 1/2a

Survival of L. monocytogenes serotype 1/2a (Bug 600) in lethal alkaline pH 11.5 for 4 h
at 22C after pre-exposure to sublethal alkaline pH 9 for 1 h (■) followed by pre-exposure
to pH 7 for different periods at three temperatures: (A) 37°C; (B) 22°C; and (C) 4°C. NE
= No pre-exposure to sublethal pH 9. Note: Bars with different lowercase letters indicate
mean significant differences based on Tukey ANOVA test (P < 0.05).
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Figure 3.11

Stability of alkaline adaptation in L. monocytogenes 4b

Survival of L. monocytogenes serotype 4b (Scott A) at lethal alkaline pH 11.5/4 h/22C
after pre-exposure to sublethal alkaline pH 9 for 1 h (■) followed by pre-exposure to pH
7 for different periods at three temperatures: (A) 37°C; (B) 22°C; and (C) 4°C. NE = No
pre-exposure to sublethal pH 9.
3.5

Summary and Conclusions
Listeria monocytogenes (Lm) is capable of undergoing a phenomenon called

stress hardening in which cells that are exposed to mild stress conditions develop
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increased resistance to lethal stress challenges. The purpose of this study was to
determine the conditions that induce an alkaline tolerance response in Lm serotypes 1/2a
and 4b and the stability of such stress-resistant phenotypes. Lm cells were pre-exposed to
pH 9.0 for 1 h at 37°C, 22C or 4C followed by post-exposure to a lethal pH of 11.5 at
37°C, 22°C and 4°C in TSBYE. The time taken to induce alkali-stress adaptation was
demonstrated by pre-exposing cells at a pH of 9.0 for 5 min, 15 min, 30 min and 1 h at
37ºC or 22ºC and tested for longer periods at 4ºC. The stability assay was carried out by
transferring adapted cells to neutral broth for 5, 15, 30, 1 and 1.5 h at 37ºC, 22ºC and 4ºC
prior to exposure to lethal alkali stress in pH 11.5 using either 4M KOH or NaOH. Our
findings indicate that L. monocytogenes when pre-exposed to sublethal alkaline pH 9.0
for 5-15 min at either 37ºC or 22ºC exhibited alkali-stress adaptation, whereas no
adaptation was observed in L. monocytogenes that were pre-exposed to a pH of 9.0 for 1
h at 4ºC. Mild alkaline stressed Lm cells (pH 9.0/1 h) exhibited greater than 3 log
CFU/ml survival as compared to non-stressed cells at a lethal alkaline pH of 11.5 for 4-8
h at 37ºC or 22ºC. However, alkaline-stress adaptation that was induced in Lm at 37ºC or
22ºC was reversible within 1.5 h at 37ºC and 22ºC. Exposure of L. monocytogenes to cold
conditions (4ºC for 24 h) even in the absence of sublethal alkaline pH enhanced the
survival of these cells to lethal alkaline stress. Future studies will exposure the crossresistance of alkali-stress adapted cells to various disinfectants and GRAS antimicrobials
at different temperatures.
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